The group 2 metal halides and corresponding metal halide hydrates serve as useful model systems for understanding the relationship between the electric field gradient (EFG) and chemical shift (CS) tensors at the halogen nuclei and the local molecular and electronic structure. Here, we present a 35/37 Cl and 43 Ca solid-state nuclear magnetic resonance (SSNMR) study of CaCl2. The 35 Cl nuclear quadrupole coupling constant, 8.82(8) MHz, and the isotropic chlorine CS, 105(8) ppm (with respect to dilute NaCl(aq)), are different from the values reported previously for this compound, as well as those reported for CaCl2·2H2O. Chlorine-35 SSNMR spectra are also presented for CaCl2·6H2O, and when taken in concert, the SSNMR observations for CaCl2, CaCl2·2H2O, and CaCl2·6H2O clearly demonstrate the sensitivity of the chlorine EFG and CS tensors to the local symmetry and to changes in the hydration state. For example, the value of diso decreases with increasing hydration. Gauge-including projector-augmented wave (GIPAW) density functional theory (DFT) calculations are used to substantiate the experimental SSNMR findings, to rule out the presence of other hydrates in our samples, to refine the hydrogen positions in CaCl2·2H2O, and to explore the isostructural relationship between CaCl2 and CaBr2. Finally, the 43 Ca CS tensor span is measured to be 31(5) ppm for anhydrous CaCl2, which represents only the fifth CS tensor span measurement for calcium. Résumé : Les halogénures des métaux du groupe 2 et les hydrates d'halogénures métalliques sont des systèmes modèles qui permettent comprendre la relation entre le gradient du champ électrique (GCE) et les tenseurs du déplacement chimique (DC) au niveau du noyau d'halogène et la structure électronique et moléculaire locale. Dans ce travail, on présente les résultats d'une étude de résonance magnétique nucléaire à l'état solide (RMN-ES) du 35/37 Cl et 43 Ca du CaCl 2 . Les valeurs de la constante de couplage quadripolaire nucléaire du 35 Cl, 8,82(8) MHz, et le DC isotrope du chlore, 105(8) ppm [par rapport au NaCl(aq) dilué], sont différentes de celles rapportées pour ce composé ainsi que les valeurs rapportés pour le CaCl 2 ·2H 2 O. Les spectres RMN-ES du 35 Cl sont aussi presentés pour le CaCl 2 ·6H 2 O et, lorsqu'on les compare, les observations relatives aux spectres RMN-ES du CaCl 2 , du CaCl 2 ·2H 2 O et du CaCl 2 ·6H 2 O démontrent clairement la sensibilité du GCE du chlore et des tenseurs du DC sur la symétrie locale et aux changements dans l'état d'hydratation. Par exemple, les valeurs de d iso diminuent avec une augmentation de l'hydratation. On a fait appel à des calculs selon la théorie de la fonctionnelle de la densité en utilisant une onde améliorée par un opérateur de projection comportant une jauge (« GIPAW-DFT ») pour corroborer les observations faites par RMN-ES, pour éliminer la présence d'autres hydrates dans nos échantillons, pour affiner les positions des atomes d'hydrogène dans le CaCl 2 ·2H 2 O et pour explorer la relation isostructurale entre le CaCl 2 et CaBr 2 . Enfin, on a établi que la portée du tenseur de DC du 43 Ca est de 31(5) ppm pour le CaCl 2 anhydre, ce qui représente seulement la cinquième valeur mesurée pour l'anisotropie du tenseur du DC du calcium. Can. J. Chem. Downloaded from www.nrcresearchpress.com by University of Ottawa on 10/03/11 For personal use only. d For the current study, calculations for this compound used a 4 × 3 × 2 k-point grid. Optimization of the hydrogen atomic positions used E cut = 500 eV, and EFG and CS tensor parameter calculations used E cut = 600 eV. e Calculations for this compound used a 4 × 4 × 3 k-point grid and E cut = 650 eV. f Calculations for this compound used a 3 × 2 × 2 k-point grid and E cut = 500 eV. g Calculations for this compound used a 4 × 3 × 3 k-point grid and E cut = 650 eV. Published by NRC Research Press 757 Widdifield and Bryce Can. J. Chem. Downloaded from www.nrcresearchpress.com by University of Ottawa on 10/03/11 For personal use only.
Introduction
Solid-state nuclear magnetic resonance (SSNMR) spectroscopy is an important tool that is used to characterize struc-ture and dynamics within a range of chemical systems. Recent developments in SSNMR 1,2 have extended its applicability to a number of "exotic" nuclei. To obtain a more complete picture of a given solid-state system, however, it is often desirable to complement SSNMR data with information acquired using other methods. Recently, density functional theory (DFT) methods have been paired with ultrasoft pseudopotentials 3 and the gauge-including projector-augmented wave (GIPAW) formalism 4 to calculate magnetic shielding and electric field gradient (EFG) tensors at the nuclei in solid materials. [4] [5] [6] These tensors are important SSNMR observables, and a number of recent studies have illustrated that magnetic shielding and EFG tensor calculations using GIPAW DFT can provide additional insights in the study of a variety of chemical systems. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] There is an increasing interest in "NMR crystallography", which pertains to obtaining molecular-level and crystal structure information for solid materials using SSNMR data. 18 Although there have been a number of exciting recent advances in this area of research, 6, [19] [20] [21] [22] [23] [24] [25] one cannot currently convert SSNMR data into a unique solid-state structure in a completely generalized manner. With a small amount of a priori knowledge, however, NMR crystallography methods have been applied to solve and refine the structures related to certain classes of materials, such as zeolites, [26] [27] [28] which are sometimes subject to crystal twinning and typically do not possess enough long-range order to produce crystals that would be considered suitable for X-ray diffraction (XRD) studies. With the aid of computational modeling, SSNMR data acquired for spin-1/2 nuclei have been used to solve or refine structures of organic molecules such as b-L-aspartyl-Lalanine 6 and thymol. 22 We have recently contributed to this area by exploiting quadrupolar nuclei (i.e., nuclear spin quantum number, I > 1/2); for example, 79/81 Br SSNMR data have been complemented with GIPAW DFT computations to refine the structure of the simple salt MgBr 2 . 29 This work showed the pronounced sensitivity of the 79/81 Br EFG tensor to minute structural changes. Quadrupolar nuclei possess a quadrupole moment (Q) which couples with the EFG at the nucleus to produce characteristic SSNMR spectral line shapes. These line shapes can usually be modeled using analytical simulation software, such as that developed by Wasylishen and co-workers, which treats this "quadrupolar interaction" (QI) as a second-order perturbation to the Zeeman states (the magnitude of which depends on the nuclear quadrupole coupling constant, C Q , and the quadrupole asymmetry parameter, h Q ). 30 Owing to the presence of the QI, SSNMR experiments using these probe nuclei should be able to offer additional structural restraints, relative to spin-1/2 nuclei.
A recent focus of our research group has been SSNMR spectroscopy of the quadrupolar halogen nuclides ( 35/37 Cl, 79/81 Br, and 127 I). 12, 14, 29, [31] [32] [33] [34] [35] [36] [37] We have observed that the NMR spectra of these nuclei are very sensitive to the EFG produced by the ions and molecules of the surrounding environment. There exist two NMR-active chlorine nuclides ( 35 Cl and 37 Cl), both of which are quadrupolar (I( 35/37 Cl) = 3/2) and of moderately high abundance (75.779(46) % for 35 Cl, 24.221(46)% for 37 Cl). 38 The Q associated with these nuclei are moderate (Q( 35 Cl) = -81.65(80) mb; Q( 37 Cl) = -64.35(64) mb); 39 however, their magnetogyric ratios (g) are rather low (below that of 15 N). Probe ringing and second-order QI line shape broadening are both reduced by performing the SSNMR experiments in as high an applied magnetic field (B 0 ) as available. A variety of chlorine environments have been probed using 35/37 Cl SSNMR spectroscopy at "ultrahigh" B 0 , including (i) group 4 organometallic 40, 41 and group 13 inorganic materials, 31 (ii) amino acid hydrochlorides, 34, 36 (iii) ionic liquids, 42, 43 (iv) group 2 metal chlorides, 44 and (v) pharmaceutical hydrochlorides. 45 As a result of these recent studies, a number of trends in the halogen SSNMR parameters have been observed and rationalized. For example, for the group 2 metal halides studied to date, it has been observed that sample hydration will (i) generally result in a decrease in the halogen isotropic chemical shift (CS) and (ii) nearly always lead to a decrease in the halogen C Q value. 12, 14, 44 It was also noted, however, that the currently available 35 Cl SSNMR data collected for CaCl 2 indicate that this system does not follow the latter trend; 46 rather, the data suggest that upon hydration the C Q value increases substantially. We therefore sought to carry out additional NMR studies on CaCl 2 , which included multiple B 0 data acquisition and modern quantum chemical calculations, to confirm or refute the prior 35 Cl SSNMR data.
We present here the results of 35 Cl SSNMR measurements for CaCl 2 and CaCl 2 ·6H 2 O. The 37 Cl and 43 Ca SSNMR spectra of anhydrous CaCl 2 are also discussed. The results of GIPAW DFT computations on CaCl 2 and its known crystalline hydrates (i.e., CaCl 2 ·2H 2 O, (a/b/g)-CaCl 2 ·4H 2 O, and CaCl 2 ·6H 2 O) are discussed in an attempt to understand the prior 35 Cl SSNMR measurements for CaCl 2 , to refine the hydrogen positions for CaCl 2 ·2H 2 O, and to complement our experimental SSNMR data.
Experimental

Sample preparation
CaCl 2 (99.99%) and CaCl 2 ·6H 2 O (98%) were purchased from Sigma-Aldrich and received as powders. Sample purity for both compounds was confirmed by the manufacturer (see the Supplementary data, Additional Experimental). As CaCl 2 is hygroscopic, it was stored and prepared for use under either dry N 2 or Ar. CaCl 2 ·6H 2 O was handled for short periods of time in a low humidity atmosphere to avoid further hydration. Prior to SSNMR experiments, the samples were powdered and then tightly packed into either 4 mm or 7 mm o.d. Bruker magic-angle spinning (MAS) ZrO 2 rotors.
Solid-state 35/37 Cl and 43 Ca NMR Data were acquired at the National Ultrahigh-field NMR Facility for Solids in Ottawa and at the University of Ottawa. Experiments at the Ultrahigh-field Facility used a standardbore Bruker AVANCE II spectrometer, which operates at B 0 = 21.1 T (n 0 ( 1 H) ≈ 900.08 MHz). For 35/37 Cl SSNMR experiments at 21.1 T (n 0 ( 35 Cl) = 88.189 MHz; n 0 ( 37 Cl) = 73.408 MHz), home-built static probes (single-channel 7 mm or 4 mm HX) were used. Calcium-43 SSNMR experiments at the same field (n 0 ( 43 Ca) = 60.575 MHz) employed a singlechannel 7 mm Bruker MAS probe. Experiments performed at the University of Ottawa used a wide-bore Bruker AVANCE spectrometer, which operates at B 0 = 11.75 T (n 0 ( 1 H) ≈ 500.13 MHz). All 35 Cl SSNMR experiments at 11.75 T (n 0 ( 35 Cl) = 49.002 MHz) used a 4 mm Bruker HX MAS probe. The 35/37 Cl SSNMR spectra were referenced to 0.1 mol/dm 3 NaCl in D 2 O at 0 ppm 47 using solid KCl as a secondary reference (d iso (KCl(s)) = 8.54 ppm). 32 Calcium-43 SSNMR spectra were referenced to a 2 mol/dm 3 aqueous solution of CaCl 2 (d iso = 0 ppm). 48 Chlorine and calcium pulse widths were established using the 35/37 Cl and 43 Ca SSNMR signals of solid KCl and saturated CaCl 2 (aq), respectively. Central transition (CT) selective (i.e., "solid p/2") pulse widths were determined by scaling the p/2 pulse widths measured for the above standards by 1/ (I + 1/2) (i.e., 1/2 for 35/37 Cl and 1/4 for 43 Ca). All 35/37 Cl SSNMR signals were acquired using the Solomon (i.e., "solid") echo (i.e., p/2-t 1 -p/2-t 2 -acq) 49-51 pulse sequence. Typical 35/37 Cl SSNMR experimental parameters were as follows: CT-selective p/2 pulse width = 2.4-3.2 µs; spectral window = 200-1000 kHz; t 1 = 27.5-50 µs; and 512-2048 complex time-domain data points. All 43 Ca SSNMR signals were acquired using a singlepulse experiment (typical parameters: CT-selective p/2 ∼1.0 µs; spectral window = 20 kHz; 512-1024 complex time-domain data points). The pulse delays used, as well as the number of scans required for the collection of the spectra, may be found in the figure captions and the Supplementary data (Table S1 ). For 35 Cl SSNMR experiments on CaCl 2 at 11.75 T, variable offset cumulative spectrum (VOCS) 52, 53 data acquisition was used (offset = 110 kHz). After VOCS data acquisition, each component spectrum was processed as usual and combined in the frequency domain by co-addition. For CaCl 2 ·6H 2 O, continuous-wave 1 H decoupling was tested at both applied fields (n 1 ( 1 H) ∼50 kHz at 11.75 T and ∼85 kHz at 21.1 T). For additional experimental details, see the Supplementary data, Table S1 . Observed spectra were modeled using WSolids1, an analytical simulation software package developed by Eichele and Wasylishen. 54 
Quantum chemical calculations
GIPAW DFT calculations employed CASTEP-NMR (v. 4.1) software, 4, 5, 55, 56 while the input files were generated using Materials Studio (v. 3.2.0.0) (Accelrys). Computations used either ultrasoft 3 or "on-the-fly" pseudopotentials and the generalized gradient approximation. Further details pertaining to the relevant on-the-fly pseudopotentials may be found in the Supplementary data, Table S2 . All geometry optimizations were carried out using the exchange-correlation (XC) functional of Perdew, Burke, and Ernzerhof (PBE), 57, 58 while the EFG and magnetic shielding tensor parameters were calculated using either the PBE XC functional or the XC functional of Perdew and Wang (PW91). [59] [60] [61] [62] [63] Computed chlorine magnetic shielding tensor elements (s ij ) were transformed into CS tensor elements (d ij ) using the following procedure: the chlorine isotropic magnetic shielding value (s iso ) for NaCl was determined using a plane-wave cutoff energy (E cut ) of 1200 eV, a 4 × 4 × 4 Monkhorst-Pack k-point grid, 64 and the same XC functional as the sample of interest. Using the above calculated s iso value and the known chlorine chemical shift of solid NaCl relative to 0.1 mol/dm 3 NaCl in D 2 O (i.e., d iso (NaCl(s)) = -41.11 ppm), 32 the s iso value for 0.1 mol/dm 3 NaCl in D 2 O could be calculated; hence, all computed s ij values could be placed on an experimental d scale. The E cut and k-point grid used for the GIPAW DFT calculations on each system are in the footnotes to Tables 1  and 2 . For computed structure energies, structure references, optimized structure parameters, the pseudopotentials used, and additional computational details, see the Supplementary data, Tables S2 and S3 .
Results and discussion
Experimental 35/37 Cl and 43 Ca SSNMR observations and analysis for CaCl 2 The 35 Cl EFG tensor parameters reported previously 46 for CaCl 2 appeared to be inconsistent with the trends observed for other group 2 metal halides, 12, 44 prompting us to reinvestigate this system using SSNMR spectroscopy. Chlorine-35 SSNMR spectra were obtained for CaCl 2 at two applied fields (B 0 = 11.75 and 21.1 T), and analytical modeling of all observed line shapes resulted in identical EFG and CS tensor parameters ( Fig. 1 ). Additional 37 Cl SSNMR experiments were performed at 21.1 T, and the spectra were modeled using the same parameters as those for the 35 Cl SSNMR line shapes, after appropriate scaling of C Q by the Q( 37 Cl)/ Q( 35 Cl) ratio of 0.788 ( Fig. 2 ). Extracted parameters are summarized in Table 1 . It is immediately clear that the observed 35/37 Cl SSNMR line shapes and EFG tensor parameters are inconsistent with the prior literature account for CaCl 2 . 46 The presently measured C Q ( 35 Cl) value of 8.82 (8) MHz is more than twice as large as the values observed for other anhydrous and hydrated group 2 metal chlorides. 44, 46, 69 This is primarily attributed to the arrangement of the Ca 2+ ions within the first coordination sphere of each chloride, which forms a distorted trigonal plane. 65 Our measured h Q ( 35/37 Cl) value of 0.383 (15) confirms the absence of high-symmetry rotational axes (i.e., C n where n > 2), in support of the local symmetry for this site determined using XRD data, which is m. 65 The observed chlorine chemical shift value (d iso = 105 ± 8 ppm, or 146 ppm with respect to solid NaCl) is deshielded by 36 ppm relative to CaCl 2 ·2H 2 O, which is consistent with the general trend observed for halogen chemical shift values upon hydration in group 2 metal halides. 12 Experiments at 21.1 T were essential to characterize chlorine chemical shift anisotropy (CSA) and non-coincident EFG and CS tensor principal axis systems (PASs) in this sample. The prior 35 Cl SSNMR study on CaCl 2 was carried out under MAS conditions only and CSA information was not reported. 46 Our measured chemical shift tensor span of 135 ± 15 ppm is by far the largest measured for a group 2 metal chloride system (72 ppm for CaCl 2 ·2H 2 O being the second largest reported to date). 44 The span value measured by modeling the 35 Cl SSNMR spectrum is identical to the one extracted from the 37 Cl SSNMR signal at 21.1 T (Fig. 2) . As expected, the 35 Cl SSNMR line shape of CaCl 2 acquired at 11.75 T was not particularly sensitive to CSA effects, as nearly all the broadening could be attributed to the QI. 70 The measured Euler angle values (these angles describe the relative orientation of the EFG and CS tensor PASs) for CaCl 2 (i.e., a = 90°± 20°, b = 90°± 5°, g = 0°± 5°) are consistent with the presence of mirror plane symmetry at the chloride anion, in agreement with prior X-ray data. 65 Natural abundance 43 Ca SSNMR experiments were also performed at B 0 = 21.1 T to more completely characterize the sample. The resonance observed in the 43 Ca MAS SSNMR spectrum (Fig. 3e ) of CaCl 2 (i.e., d peak = 54.1 ± 0.2 ppm relative to 2 mol/dm 3 CaCl 2 (aq)) cannot, unfortunately, be rigorously compared with that reported previously Table 1 . Experimental and GIPAW DFT-computed 35/37 Cl EFG and chemical shift tensor parameters.
Experimental or computed
Site label 11 ; and a, b, and g describe the relative orientation between the EFG and CS tensor principal axis systems, which are disclosed here using the "ZYZ" convention 67 and generated using EFGShield. 68 All calculated results in this table used the PBE XC functional. Additional computational results and details can be found in the Supplementary data, Tables S2-S4. N/A, not applicable. ). 71 This is because the reference standard used in the earlier account (i.e., "saturated" CaCl 2 (aq)) shows a highly variable resonance position that depends on the preparation method (approx. ±10 ppm). 48, 72 Analytical modeling of the 43 Ca MAS SSNMR line shape was used to establish approximate 43 Ca EFG tensor parameters as well as the isotropic calcium CS for CaCl 2 : C Q ( 43 Ca) = -0.95 ± 0.20 MHz, h Q = 0.7 ± 0.2, and d iso = 54.8 ± 0.5 ppm, where the sign of C Q is based upon the results of GIPAW DFT computations (vide infra). Calcium-43 SSNMR experiments were also carried out under stationary conditions (Fig. 3b ) and the parameters measured from the 43 Ca MAS NMR spectrum were used to estimate the static line shape broadening that could be attributed to the 43 Ca QI (Fig. 3c ). It is clear that the QI does not dominate the line shape for this sample under static conditions at 21.1 T and that additional line broadening due to calcium CSA is present. Analytical line shape modeling of the static 43 Ca SSNMR spectrum allows us to report a calcium CS tensor span of 31 ± 5 ppm ( Fig. 3a) , which represents the fifth measurement of calcium CSA in the literature 73 and the first where oxygen atoms are not coordinated to the calcium. The calcium CS tensor span for CaCl 2 is moderate, as calcium CS tensor spans range . In (a), the principal axis system orientations of the EFG and CS tensor frames are assumed to be equivalent (i.e., a = b = g = 0°), while in (b), CSA effects are ignored (i.e., U = 0 ppm). The best-fit spectra presented in (c) and (e) are simulated with the parameters given in Table 1 . For (d), an optimized pulse delay of 10.0 s was used and 400 transients were collected, while for (f), a pulse delay of 1.0 s was used and 40 000 transients were collected for each of 6 transmitter frequencies (offset value used: 110 kHz). 72 The remaining calcium SSNMR parameters for CaCl 2 are summarized in Table 2 .
CaCl 2 ·6H 2 O and other hydrates
It is well known that CaCl 2 is a strongly hygroscopic material, and as such it is widely used as a desiccant. In this section, we discuss the known experimental data for CaCl 2 and selected hydrates to ensure that the spectral data above have been correctly interpreted. We have characterized CaCl 2 ·6H 2 O using 35 Cl SSNMR experiments at 11.75 and 21.1 T ( Figs. 4 and 5) , and analytical line shape modeling of both spectra yields identical parameters, which are summarized in Table 1 .
Our discussion of the 35/37 Cl SSNMR data for the CaCl 2 hydrates begins by noting that 35/37 Cl SSNMR data were recently reported for CaCl 2 ·2H 2 O 44 and that this dihydrate possesses distinctly different EFG and CS tensor parameters compared with anhydrous CaCl 2 (Table 1) . To the best of our knowledge, two other hydrated forms of CaCl 2 are stable under typical laboratory conditions: a-CaCl 2 ·4H 2 O 74 and CaCl 2 ·6H 2 O. 66 Additional polymorphic forms of the tetrahydrate (b-CaCl 2 ·4H 2 O 75 and g-CaCl 2 ·4H 2 O 76 ) may be prepared under normal conditions but appear to slowly convert to the a-form. 77 As the hexahydrate is commercially available in a highly pure form, 35 Cl SSNMR experiments were carried out on this material.
By observing the 35 12 It is also important to note that CaCl 2 ·2H 2 O and all the polymorphs of CaCl 2 ·4H 2 O place the chloride anions at positions lacking any local symmetry elements and hence the axial 35 Cl EFG observed is unique to the hexahydrate. We also see a clear broadening of the discontinuities in Fig. 4b when 1 H decoupling is not applied, which indicates that the sample is hydrated. The observed chlorine chemical shift for CaCl 2 ·6H 2 O (d iso = 57 ± 3 ppm) is smaller than that of both CaCl 2 and CaCl 2 ·2H 2 O, which is in agreement with earlier observations that the halogen shift value decreases (i.e., shielding increases) upon increasing hydration. 12 The observed 35 Cl SSNMR line shape of CaCl 2 ·6H 2 O was best modeled when CSA effects were included (U = 40 ± 8 ppm, k = -1; also see Fig. 5 ). The observed chlorine U value is quite similar to that measured for other group 2 metal chloride hydrates. 44 Based on the above discussion, it is clear that our anhydrous Fig. 3. Analytical simulations (a, c, d) and experimental single-pulse (b, e) 43 Ca SSNMR spectra of powdered CaCl2, acquired at B0 = 21.1 T (n0 = 60.575 MHz) under (a, b, c) static and (d, e) MAS conditions. In (c), the effects due to calcium CSA are ignored (i.e., U = 0 ppm), while the simulation in (a) includes calcium CSA. The spectrum in (e) was acquired using a MAS frequency of 4 kHz. The experimental pulse delay for both (b) and (e) was 5.0 s. The spectrum in (b) is the result of the collection of 25 648 transients, while the spectrum in (e) is the result of the collection of 4313 transients. Fig. 4. Analytical simulations (a, c) and experimental static Solomon echo (b, d) 35 Cl SSNMR spectra of powdered CaCl2·6H2O, acquired at B0 = 11.75 T. The spectrum in (b) did not employ proton decoupling during signal acquisition, while the spectrum in (d) was acquired using proton decoupling. The simulation parameters used in (a) and (c) are identical, except for the addition of 1000 Hz of dipolar broadening in (a) (a d = b d = 0°, inferred from the neutron crystal structure), due to the expected 1 H- 35 CaCl 2 sample cannot be CaCl 2 ·2H 2 O or CaCl 2 ·6H 2 O, and it is very unlikely to be a CaCl 2 ·4H 2 O polymorph, owing to the observed large positive chlorine chemical shift value, the large C Q ( 35 Cl) value, and the mirror site symmetry implied by the EFG and CS tensor interplay observed in the 35/37 Cl SSNMR spectra of CaCl 2 .
Quantum chemical computations
GIPAW DFT quantum chemical calculations were carried out using the accepted crystal structures of CaCl 2 , 65 CaCl 2 ·2H 2 O, 78 a-CaCl 2 ·4H 2 O, 74 b-CaCl 2 ·4H 2 O, 75 g-CaCl 2 ·4H 2 O, 76 and CaCl 2 ·6H 2 O, 66 although for the hydrates (except CaCl 2 ·6H 2 O, whose structure was solved using neutron diffraction data) the H positions were optimized computationally (vide infra). The computed 35 Cl EFG and chlorine CS tensor parameters are presented in Table 1 , while more detailed computational results can be found in the Supplementary data, Table S4 .
Agreement between experimental and GIPAW DFTcomputed chlorine CS and EFG tensor parameters
For nearly all of the relevant 35/37 Cl NMR tensor parameters, excellent agreement between experimental observations and GIPAW DFT computations is seen for CaCl 2 and CaCl 2 ·6H 2 O. The calculated C Q ( 35 Cl) values for these compounds are slightly overestimated relative to the experiment (∼1 MHz), which appears to be a general feature for chloride anions when using this computational method and pseudopotential. 79 In addition, while there is a lack of quantitative agreement between the quantum chemical and experimental d iso values, the pertinent experimental trend is reproduced computationally (i.e., as hydration increases, d iso decreases). The quantitative disagreement in d iso extends to the computational reference standard used in this study (i.e., NaCl(s)).
According to the absolute shielding scale established by Gee et al., 80 the experimental absolute shielding at the chlorine nuclei in solid NaCl is 1015 ± 4 ppm, while the present GIPAW DFT calculations provide a value of 975.06 ppm. Our data therefore suggest the presence of a systematic error in the calculation of s iso values using the GIPAW DFT method and the current pseudopotential. We note that all calculated shift values reported in Table 1 used the computational shielding standard (i.e., s iso (NaCl) = 975.06 ppm).
There is also clear disagreement between the chlorine quantum chemical results for CaCl 2 and the earlier 35 Cl MAS NMR experimental observation: 46 for example, the computed C Q ( 35 Cl) is too large by roughly a factor of 4. Therefore, the quantum chemical result for CaCl 2 provides independent evidence that the earlier 35 Cl MAS NMR experimental measurements were either not correctly interpreted or were inadvertently carried out on a material other than CaCl 2 . The GIPAW DFT result for CaCl 2 ·6H 2 O confirms the local symmetry (i.e., C 3 ) for the chloride anions, as h Q = 0.0 and k = -1.0. It is also rather interesting to note the quantitative agreement between the calculated and experimental Euler angle values for CaCl 2 and CaCl 2 ·6H 2 O.
While there typically exists very good agreement between experimental and computational values for the 35/37 Cl EFG and magnetic shielding tensors in CaCl 2 and CaCl 2 ·6H 2 O, relatively poor agreement was observed for CaCl 2 ·2H 2 O in a previous study. 44 Inspection of the source data for the accepted crystal structure of CaCl 2 ·2H 2 O reveals that the structure was generated using X-ray diffraction data, rather than neutron diffraction data, and hence the hydrogen positions are not precisely known. Out of all the group 2 metal chloride hydrates where 35 Cl or 37 Cl SSNMR data are available, CaCl 2 ·2H 2 O represents the only structure for which neutron diffraction data are unavailable. The H positions in CaCl 2 ·2H 2 O were therefore optimized using the GIPAW DFT method. Subsequent GIPAW DFT calculation of the EFG and magnetic shielding tensor parameters using this optimized structure yields markedly different tensor parameters as compared with the prior study (Table 1 ). Relative to the earlier computational results, there is a decrease in the computed C Q ( 35 Cl) by about 34% (6.69 MHz to 4.43 MHz) and a substantial increase in h Q (0.04 to 0.520). Both of these significant changes result in better agreement between the experimental and computed EFG tensor parameter values.
GIPAW DFT-computed chlorine EFG and CS tensor parameters for CaCl 2 ·4H 2 O polymorphs
Good agreement between the observed and computed 35/37 Cl NMR tensor data was seen for the compounds above; hence, we explored whether GIPAW DFT computations would predict that chlorine SSNMR experiments could be used to differentiate between the a, b, and g polymorphs of CaCl 2 ·4H 2 O. The differentiation of polymorphs using chlorine SSNMR has been demonstrated previously for chlorinecontaining pharmaceuticals, 45 and as seen in Table 1 , these experiments should also be able to distinguish the polymorphs of CaCl 2 ·4H 2 O. Each polymorph should present a different number of magnetically unique chloride sites (ranging from 1 to 3). In addition, there exists significant disparity in the other relevant NMR parameters (notably h Q , which 35 Cl{ 1 H} SSNMR spectra of powdered CaCl2·6H2O, acquired at B0 = 21.1 T. The spectrum in (b) is the best fit to the experimental spectrum, while the spectrum in (a) does not include chlorine CSA (i.e., U = 0 ppm). A pulse delay of 5.0 s was used and 272 transients were collected. ranges from 0.149 in g-CaCl 2 ·4H 2 O to above 0.776 for all three sites in b-CaCl 2 ·4H 2 O).
Are CaCl 2 and CaBr 2 isostructural?
Based on prior XRD data, the ambient-condition structures of both CaCl 2 and CaBr 2 belong to the same space group and place the halogen anions at the same Wyckoff positions. 65, 81 The absolute C Q ( 81 Br) value for CaBr 2 is the largest amongst the group 2 metal bromides (C Q ( 81 Br) = 62.8 ± 0.4 MHz). 14 At the same time, the previously measured C Q ( 35 Cl) value for CaCl 2 was among the smallest measured relative to other group 2 metal chlorides (C Q ( 35 Cl) = 2.1 MHz). 46 The above sections have provided ample evidence that the earlier report was in error, likely because of the formation of a CaCl 2 hydrate or the neglect to acquire spectral data using VOCS (or equivalent) methods. In addition, we now have reliable C Q ( 35/37 Cl) measurements for CaCl 2 .
It was recently shown by Wu and Terskikh 82 that for a series of isostructural compounds, a linear relationship exists between the measured C Q values and the quantity Q(1g ∞ )/V, where g ∞ is the Sternheimer antishielding factor [83] [84] [85] [86] and V is the unit cell volume. This finding has been extended by observations made for the 35/37 Cl, 44,46,69 79/81 Br, 14, 29 and 127 I 12 nuclides within several isostructural series of group 2 metal halides and selected hydrates thereof. This linear relationship between C Q and Q(1g ∞ )/V is therefore useful for both confirming and predicting isostructural series within classes of analogous compounds. Although enough data do not exist in this case to construct a meaningful plot of C Q (X) vs. Q(1g ∞ )/V, we can compare the respective C Q ( 81 Br)/C Q ( 35 Cl) and [Q 81Br (1g ∞(Br) )/V]/[Q 35Cl (1g ∞ (Cl) )/V] ratios, which should be equivalent according to the above model if these two compounds are isostructural. Using the experimental SSNMR data for CaCl 2 and CaBr 2 , the C Q ( 81 Br)/C Q ( 35 Cl) ratio is ∼7.12. Using additional known information, with the volume of the unit cells established using X-ray diffraction, 65, 81 the [Q 81Br (1g ∞(Br) )/V]/[Q 35Cl (1g ∞(Cl) )/V] ratio is calculated to be 5.19 (a 31.4% difference). This percent difference is comparable to what has been calculated previously for pairs of group 2 metal halide compounds that are understood to be isostructural; in fact, for the isostructural group 2 metal chlorides and bromides studied to date, it is observed that C Q ( 81 Br)/C Q ( 35 Cl) ratios range between 6.30 and 7.08, while the calculated [Q 81Br (1g ∞(Br) )/V]/[Q 35Cl (1g ∞(Cl) )/V] ratios for the same systems vary between 5.48 and 5.64. 12 A likely contributor to the disagreement between the calculated [Q 81Br (1g ∞(Br) )/V]/[Q 35Cl (1g ∞(Cl) )/V] ratios and the experimental C Q ( 81 Br)/C Q ( 35 Cl) ratios is the uncertainty associated with the g ∞ values: these values for the quadrupolar halogens are not known to high precision, unlike the group 1 metal atom g ∞ values used in the study by Wu and Terskikh. 82 At this time it is noted that, using the accepted structures for CaCl 2 and CaBr 2 , the GIPAW DFT-calculated C Q ( 81 Br)/C Q ( 35 Cl) ratio is ∼7.16, which is in excellent agreement with our experimental observations (a difference of 0.56%).
Likewise, upon consideration of the fine details associated with the CaCl 2 and CaBr 2 crystal structures, two points are clear: (i) the structure of CaCl 2 is rather old (1935), and (ii) the placement of the halogen anions is, in fact, not equivalent for the two structures (in CaBr 2 the bromide is at x/a = 0.2636 ± 0.0029, y/b = 0.3417 ± 0.0026, z/c = 0, whereas in CaCl 2 the chloride is at x/a = 0.275 ± 0.08, y/b = 0.325 ± 0.08, z/c = 0). It is therefore probable that this discrepancy in the halide positions within their respective crystalline lattices would contribute to the difference between the [Q 81Br (1g ∞(Br) )/V]/[Q 35Cl (1g ∞(Cl) )/V] ratio and the C Q ( 81 Br)/C Q ( 35 Cl) ratio. Indeed, it has been demonstrated recently that very small displacements of the halide anion (typically < 0.05 Å) can dramatically alter the calculated halogen C Q value for several similar systems. 12, 29 Therefore, while it is clear that the C Q /[Q(1g ∞ )/V] relationship appears to be of general use for group 2 metal halides, the precision of the halogen g ∞ values is a limiting factor and the compounds must be rigorously isostructural to obtain exactly equal ratios.
Conclusions
Solid-state 35/37 Cl NMR experiments are sensitive probes of the local structure of inorganic materials and have allowed for differentiation between the hydrates of CaCl 2 . By performing chlorine SSNMR experiments in two applied magnetic fields, both the EFG and CS tensor parameters could be accurately measured in CaCl 2 and CaCl 2 ·6H 2 O. The measurement of these tensor parameters allowed us to correct the 35 Cl SSNMR literature data for CaCl 2 and illustrate that this species conforms to the established quadrupolar halogen NMR trends for group 2 metal halide systems (i.e., that both the halogen C Q value and the halogen chemical shift will decrease upon hydration). GIPAW DFT quantum chemical calculations have provided complementary data for the CaCl 2 hydrates where experimental SSNMR data exist and predict that 35/37 Cl SSNMR experiments should be able to distinguish the three known polymorphs of CaCl 2 ·4H 2 O. It is seen that optimization of the H positions for CaCl 2 ·2H 2 O, whose structure has been determined using Xray diffraction data, is necessary to obtain good agreement between the quantum chemical and experimental EFG tensor parameter values. By carrying out 43 Ca SSNMR experiments at ultrahigh B 0 (i.e., 21.1 T), we have been able to measure the fifth calcium CS tensor anisotropy, which is expected to prove useful in future SSNMR studies that correlate calcium CS tensor information to local structure and symmetry in other calcium-containing materials. Lastly, although it has been demonstrated that comparing C Q /[Q(1g ∞ )/V] ratios can provide evidence that a series of compounds are isostructural when using group 1 metal nuclei as probes, additional problems (i.e., uncertainty in halogen g ∞ values and a requirement that the compounds be rigorously isostructural) present themselves when the quadrupolar halogen nuclei are used.
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